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The homeodomain factor paired related homeobox protein-like 1 (Prrxl1) is crucial for proper
assembly of dorsal root ganglia (DRG)–dorsal spinal cord (SC) pain-sensing circuit. By performing
chromatin immunoprecipitation with either embryonic DRG or dorsal SC, we identiﬁed two evolu-
tionarily conserved regions (i.e. proximal promoter and intron 4) of Prrxl1 locus that show tissue-
speciﬁc binding of Prrxl1. Transcriptional assays conﬁrm the identiﬁed regions can mediate repres-
sion by Prrxl1, while gain-of-function studies in Prrxl1 expressing ND7/23 cells indicate Prrxl1 can
down-regulate its own expression. Altogether, our results suggest that Prrxl1 uses distinct regula-
tory regions to repress its own expression in DRG and dorsal SC.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction up to birth, although with retarded penetration in the spinal dorsalNociceptive information is transmitted from the periphery to
the spinal cord (SC) dorsal horn by small-diameter neurons of dor-
sal root ganglia (DRG), called nociceptors [2]. DRG and SC sensory
neurons are speciﬁed early in development, long before establish-
ing synapses with their peripheral and central targets [12]. During
development, distinct sets of transcription factors determine a
variety of neuronal phenotypes in the DRG and SC dorsal horn
[3,15,17]. One of such factors is paired related homeobox pro-
tein-like 1 (Prrxl1), previously known as DRG11.
Analyses of Prrxl1/ embryos have shown spatio-temporal
abnormalities in embryonic development. Small-diameter afferent
ﬁbers terminating in the superﬁcial dorsal horn develop normallyhorn, and a signiﬁcant fraction of which undergoes apoptosis at
early post natal life [5,20]; at the spinal level, abnormal migration
and differentiation followed by marked death of superﬁcial dorsal
horn neurons takes place during embryonic development [5,9,22].
In line with these nociceptive circuitry developmental defects,
adult Prrxl1/mice displayed a substantial reduction in sensitivity
to a broad range of noxious stimuli [5]. These tissue speciﬁc cellu-
lar defects suggest a differential role played by Prrxl1 in DRG and
dorsal SC that is yet unexplored.
Prrxl1 is expressed in both peripheral nociceptive neurons and
their putative central synaptic targets [25]. Genetic studies in mice
have shown that Prrxl1 expression in developing sensory neurons
depends on the presence of several transcription factors such as
Isl1 [11,30] and Pou4f1 (Brn3a) [11] in DRG, and Tlx1/3 [19] and
Lmx1b [9] in dorsal SC. In addition, in cranial ganglia, Phox2b
down-regulates Prrxl1, as revealed by increased Prrxl1 expression
in Phox2b/ mice [6]. However, no evidence on direct transcrip-
tional regulation has been demonstrated, except for Phox2b, which
binds to a regulatory element near Prrxl1 TATA box promoter [24].
Transcription of Prrxl1 is controlled by three alternative promoters
giving rise to distinct Prrxl1 50UTR variants that impact on mRNA
stability and translation efﬁciency but not on translation initiation
[24]. On the other hand, alternative splicing of Prrxl1 transcript at
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Prrxl1b). Both variants retain the N-terminal homeodomain (HD),
whereas Prrxl1b lacks the C-terminal Otp-Aristaless-Rax domain
(OAR) [21]. Although the regulatory elements controlling Prrxl1
transcription are starting to be identiﬁed, the mechanisms under-
lying spatio-temporal control of Prrxl1 expression are still scarce.
A detailed search for DNA-binding consensus sequences
revealed several evolutionarily conserved TAAT-containing sites
on Prrxl1 proximal promoter, including two HD motifs in close
vicinity of Prrxl1 TATA box promoter [24]. This observation led us
to question whether an auto-regulatory mechanism is involved
in Prrxl1 transcription. Here we describe an autorepression mech-
anism controlling Prrxl1 expression, based on the tissue-speciﬁc
recruitment of this transcription factor to two regulatory regions
within its own locus.
2. Materials and methods
2.1. Mice
NMRI mouse strain was bred and housed at the IBMC animal
facility, under temperature- and light-controlled conditions. The
embryonic day 0.5 (E0.5) was considered to be the midday of the
vaginal plug. Pregnant females were subjected to isoﬂurane anes-
thesia, euthanized by cervical dislocation and E14.5 embryos were
collected. Afterwards, DRG were collected and dorsal SC tissues
were dissected in ice-cold PBS. Experiments were carried out in
agreement with European Community Council Directive (86/609/
EEC) and the animal ethics guidelines of the IBMC, and approved
by the Portuguese Veterinary Ethics Committee.
2.2. Plasmid construction
Prrxl1 genomic sequences retrieval and analysis of conservation
across vertebrates species were performed using the UCSC Genome
Browser (http://genome-euro.ucsc.edu/) [31]. For expression plas-
mids, the sequences corresponding to Prrxl1 (NCBI acc. n.
EU670677) and Prrxl1b (EU670678) open reading frames were
ampliﬁed by PCR from mouse embryonic SC cDNA, subcloned in
the pCR2.1 TOPO (Invitrogen) and then transferred to pcDNA3
(Invitrogen) using EcoRI/XbaI and EcoRI restriction sites for Prrxl1
and Prrxl1b, respectively. Prrxl1-DHD sequence was ampliﬁed by
PCR using a forward primer containing Kozak and nuclear localiza-
tion signal (NLS) sequences and a reverse primer containing a HA
tag sequence, and cloned into pcDNA3.3-TOPO (Invitrogen). For
luciferase reporter plasmids, Prrxl1 proximal region [1777/
672] and intron 4 region [+5267/+6969] were ampliﬁed by PCR
using genomic DNA extracted from mouse tail. They were sub-
cloned in pCR2.1 TOPO (Invitrogen) and then cloned into p-
bglob-Luc using NheI and XhoI restriction sites. Constructs for
Prrxl1 proximal region [604/50] and minimal promoter regionTable 1
Sequences of primers used for plasmid construction and mutagenesis.
Gene symbol Forward primer (50 to 30)
Prrxl1 CCGGAATTCGCCACCATGTTTTATTTCCACTGTC
Prrxl1b CCGGAATTCGCCACCATGTTTTATTTCCACTGTC
Prrxl1 proximal region [1777/672] AGGCCTTTTGTTTCCAAAGC
Prrxl1 intron 4 region [+5268/+6969] CCTCACAGAAGCCAGAGTGC
Prrxl1-DHD CGCCACCATGCCAAAAAAGAAGAGAAAGGTA
GCAGAGGTGACACCACCG
P3 HD mut. TTACTCGCTGTAGACAGCGCTGGAAATCCTCAG
GGCCAATTATGCGTG
hs HD mut. GGAAATAATCAGATTAAGGCCAACCATGCGTG
P3 & hs HD mut. CCTCAGAGGAAGGCCAAGGATGCGTGAGATTA
Kozak sequence is italic, NLS and HA sequences are underlined, and mutated bases are[772/584] were previously reported [24]. Plasmid construction
primers are listed in Table 1. Site-directed mutagenesis of either P3
HD or hs HD binding sites or both on Prrxl1 minimal promoter
region construct were performed using the KAPA HiFi HotStart
PCR kit (Kapa Biosystems). Double HD motif mutant was produced
using the construct containing mutated P3 HD binding site as DNA
template. Mutagenesis primers are listed in Table 1. All constructs
were validated by sequencing.
2.3. Cell culture, transfection and reporter assays
ND7/23 (mouse neuroblastoma  rat neurone hybrid) and HEK
(Human Embryonic Kidney) 293 cell lines were from the European
Collection of Cell Cultures. ND7/23 and HEK-293 cells were propa-
gated in 25 cm2 ﬂasks in monolayer and maintained at 37 C in a
95% humidiﬁed atmosphere and 5% CO2. Cells were grown in Dul-
becco’s modiﬁed Eagle medium (DMEM; Gibco) supplemented
with 10% fetal bovine serum (Gibco), 2 mM glutamax (Gibco) and
without antibiotics (complete media). For luciferase reporter
assays, ND7/23 and HEK-293 cell transient transfections were per-
formed in triplicate in 96 well plates using Lipofectamine 2000
(Invitrogen). Cells were seeded one day earlier and co-transfected
at 80% conﬂuence with 100 ng of appropriate expression plasmid,
50 ng of luciferase reporter plasmid, and 50 ng of CMV-b-gal plas-
mid as internal control to normalize the transfection efﬁciencies.
Before adding the transfection mixture, fresh complete culture
media was added. After 24 h, cells were lysed in 50 lL of lysis buf-
fer (0.1 M Phosphate buffer, 1 mM EDTA, 1% Triton X-100, 10%
glycerol and 2 mM DTT), cleared by centrifugation and extracts
were assayed for luciferase and b-galactosidase activities using a
plate reader (Tecan). The substrates used were luciferin (Promega)
and ONPG (Sigma). Data are represented as means of triplicates,
and experiments were repeated at least three times. Student’s t-
test analysis was used to determine statistical signiﬁcance upon
Prrxl1 overexpression between cells transfected with wild type
Prrxl1minimal region [772/584] construct and cells transfected
with the same construct but containing mutated versions of either
P3 HD or hs HD binding sites or both sites. For mRNA expression
assays, transfections of ND7/23 cells were performed essentially
as above with minor modiﬁcations: transfections were performed
in duplicate using 6 well plates and in each condition 2 lg of
expression plasmid was used.
2.4. DNA-afﬁnity pull down assays (DAPA)
Biotinylated DNA fragments were generated by PCR and agarose
gel puriﬁed. Primers used to amplify Prrxl1 TATA box promoter
region (Prom) and Prrxl1 open reading frame (ORF) of exon 6–7,
as a negative control region, are listed in Table 2. Prrxl1 or mock-
transfected ND7/23 cells were lysed in DAPA buffer (50 mM
Tris–HCl pH 8.0, 100 mM NaCl, 1 mM MgCl2, 10% glicerol, 1%Reverse primer (50 to 30)
CGCCAC GCTCTAGATCATACACTCTTCTCTCCC
CGCCAC CGCTCTAGATCATCCTTGTGTCATATCTAC
CTCACGCATAATTGGCCTTA
CTTTGAGGCTGAGCCCTCTG
TCAAGCGTAATCTGGAACATCGTATGGGTATACACTCTTCTCTCCCTCGC
AGGAA CACGCATAATTGGCCTTCCTCTGAGGATTTCCAGCGCTGTCT
ACAGCGAGTAA
AGATTATA TATAATCTCACGCATGGTTGGCCTTAATCTGATTATTTCC
TAAAGG CCTTTATAATCTCACGCATCCTTGGCCTTCCTCTGAGG
highlighted in bold and italic.
Table 2
Sequences of primers used for DAPA.
Gene
symbol
Forward primer (50 to 30) Reverse primer (50 to 30)
Prom TACACCACGTGGGCCATTTGTAA CAGGACCAGAGAAGTGACTG
ORF CCCATGTGGCATCTCTGAAAG TCATACACTCTTCTCTCCCTCGC
Table 4
Sequences of primers used for RT-qPCR.
Gene
symbol
Forward primer (50 to 30) Reverse primer (50 to 30)
Prrxl1 TCCTGAACACAGCCACGTAT TTGTGGTTCAGAGGATGGCA
Prrxl1b CCCATGTGGCATCTCTGAAAG TCATCCTTGTGTCATATCTACTGC
Hprt GTAATGATCAGTCAACGGGGGAC CCAGCAAGCTTGCAACCTTAACCA
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Aldrich)) and cleared by centrifugation. Equal amounts of protein
extracts (100 lg) were incubated with 150 ng of biotinylated
DNA fragment at room temperature for 2 h in 100 ll of DAPA buf-
fer supplemented with 1 lg of poli-dIdC (Sigma–Aldrich). The
DNA–protein complexes were recovered with 20 lL of equilibrated
streptavidin-agarose resin (Sigma–Aldrich) after incubation for 2 h
at room temperature with agitation and washed 5 times with
DAPA buffer. The proteins bound to the DNA fragments were
eluted in SDS–PAGE sample buffer and analysed by Western-blot-
ting using rabbit polyclonal anti-Prrxl1 antibody [23].
2.5. Chromatin immunoprecipitation assays
Prrxl1 chromatin immunoprecipitation (ChIP) assays were per-
formed essentially as previously described [24], with the following
modiﬁcations: (i) chromatin samples were extracted from about
16 dissected E14.5 mouse dorsal SC; (ii) antibody used was a
home-made rabbit polyclonal anti-Prrxl1 antibody [23]; (iii) salt
concentration of IP buffer was 500 mM; (iv) immunoprecipitates
were washed with wash buffer II containing 500 mM NaCl. For
quantitative PCR (qPCR), sets of primers were used for assessing
ChIP enrichment and designed using primer3 software (http://bio-
tools.umassmed.edu). The primer sequences are listed in Table 3.
Results are shown as the mean of triplicates ± S.D. of at least two
independent experiments.
2.6. Array design and hybridization
Agilent custom microarrays tiling the desired regions were
designed using Earray software (Agilent), with a probe spacing of
approx. 200 bp. ChIP-on-chip array hybridization, data extraction
and peak calling were essentially performed as previously
described [4].
2.7. RNA extraction and real-time quantitative PCR
Total RNA from transfected ND7/23 cells was isolated using
Genelute mammalian total RNA miniprep kit (Sigma), quantiﬁed
in Nanodrop (Thermo Scientiﬁc) and veriﬁed for integrity by
agarose gel electrophoresis. cDNA was prepared using oligo dTTable 3
Sequences of primers used for ChIP-qPCR.
Gene symbol Forward primer (50 to 30)
RGMb GATAGTTGGAGGGGGTTT
Calb1 TAAACAGCCACGTGATGGT
Prrxl1 ORF TTGGTTCCAGAACCGAAGA
RGMb ORF TGCCAACAGCCTACTCAAT
Prrxl1 (3568) TTTAATGTCTCCCGCAGCT
Prrxl1 (1297) TTATGCGCCATTAGACTTG
Prrxl1 (737) TGCTGAGAAGTGACGGAT
Prrxl1 (+3247) GAAGTCGGCAGGGTTTTCT
Prrxl1 (+5601) ATCCATTTCCTTGCTTTGGA
Prrxl1 (+6054) TTTTATGTAGGAGCTTGGG
Prrxl1 (+6869) CTGCATTTTGCTTTGCATTT
Prrxl1 (+9787) ACTCCAGCACATTTTTGCAprimers (Bioline) and Tetro reverse transcriptase (Bioline) accord-
ing to the manufacturer’s instructions. A control containing all
reagents except the reverse transcriptase enzyme was included
(minus RT control) to assess potential residual genomic DNA in
the RNA samples. Real-time qPCR analysis was performed using
the Maxima SYBR Green/ROX master mix (Thermo Scientiﬁc) on
a StepOnePlus Real-Time PCR system (Applied Biosystems). Sets
of primers were designed in different exons for assessing gene
expression levels using primer3 software. The primer sequences
are listed in Table 4. Expression of endogenous Prrxl1 and Prrxl1b
transcripts was normalized to the endogenous control gene Hprt.
Results are shown as the mean of triplicates ± S.D. of at least two
independent experiments. Student’s t-test statistical analysis was
used to determine statistical signiﬁcance between cells transfected
with empty vector (vector) and cells transfected with either Prrxl1
or Prrxl1b.
3. Results
3.1. Prrxl1 binds to its own genomic locus
Sequence alignment of Prrxl1 promoter region across vertebrate
species showed multiple HD DNA binding motifs (data not show),
two of which located immediately upstream of the TATA box pro-
moter [24]. The presence of these multiple sites prompted us to
investigate whether an auto-regulatory feedback loop contributes
to Prrxl1 gene regulation. To determine if Prrxl1 homeoprotein is
able to interact with its own minimal promoter, we performed
DNA afﬁnity pull-down assays (DAPA) in the ND7/23 cell line.
ND7/23 cells are derived from neonatal DRG, display nociceptive-
like properties [33] and express both Prrxl1 isoforms (Fig. S1, Sup-
plemental Data), making them a good model system to study Prrxl1
function. By performing DAPA with Prrxl1-transfected ND7/23 cell
extracts, we found that Prrxl1 binds to a DNA fragment of 186 bp
ﬂanking the TATA box element corresponding to the Prrxl1 mini-
mal promoter region (Prom). This interaction is speciﬁc, as Prrxl1
did not bind to a DNA fragment of 287 bp spanning exons 6 and
7, corresponding to the Prrxl1 coding region (ORF) (Fig. 1A). These
results demonstrate that Prrxl1 interacts with a region containing
HD motifs, located in the vicinity of the TATA box promoter of
Prrxl1 gene.Reverse primer (50 to 30)
GC GAGAACGGGAGTCAGGGATT
C CAGATGGAAGGGAAAGCTGA
G CAGGGCCTCCTTCTTGCT
G GTGGAAGATGTGGGTCCATC
T CACTTGATGTTCACCAGACTCA
C CTCTCTGCCTGGGTGAAAAT
TT TCACGCATAATTGGCCTTAAT
A AGCCTTTCACACCTCTTTCC
ATCGCGGTTCTCTGCAAT
GTTA TCCATTATCTCTCTTCAGCCATT
TGCCATCCCACCTTATCTCT
C TGTGGACCCTTCTACCCTTC
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Fig. 1. Prrxl1 interacts with its own locus in developing DRG and dorsal SC. (A) DNA pull-down assays revealed binding of Prrxl1 within its minimal TATA box promoter
region. Prrxl1 and mock-transfected ND7/23 cells protein extracts were incubated with 50 biotinylated double-stranded DNA probes from Prrxl1 promoter (Prom) or Prrxl1
exon 6–7 (ORF). The complex was pulled down with streptavidin-agarose and the bound fraction analysed by Western blotting and probed with anti-Prrxl1 antibody. (B)
Prrxl1 binds to Prrxl1 minimal TATA box promoter region in embryonic dorsal SC. ChIP-qPCR analysis of Prrxl1 binding to Prrxl1, RGMb and Calb1 promoter regions in
chromatin prepared from E14.5 dorsal SC. RGMb promoter region was used as positive control and Prrxl1 and RGMb exonic regions (ORF) were used as negative controls. Data
are presented as fold-enrichment relatively to ChIP control without antibody (mock), which was set as 1, and as the mean ± S.D. of triplicate quantiﬁcations. (C) Prrxl1 binds
to two segments on Prrxl1 locus in embryonic dorsal SC. ChIP-on-chip analysis of Prrxl1 binding to Prrxl1 mouse promoter in chromatin prepared from E14.5 dorsal SC. The
plots display ChIP enrichment ratios for Prrxl1 (red) relatively to control samples. Blue brackets represent bound regions identiﬁed by peak calling algorithm. Prrxl1 gene is
shown to scale above the plot (exons represented as boxes and introns represented as lines) and genomic regions (NCBI build 37 of the mouse genome) below the plot. Black
arrow indicates the transcription start site and direction of transcription. Arrowheads indicate the position of primers, relatively to the translation initiation site, used for
ChIP-qPCR validation. Multispecies vertebrate conservation plots (in green; human, chick and zebraﬁsh are displayed) were obtained from UCSC genome browser. Highly
conserved non-coding genomic sequences of the Prrxl1 proximal promoter [1777/672] and intron 4 [+5268/+6969] cloned in luciferase-reporter constructs are displayed
at the bottom (black lines). (D) Prrxl1 occupancy of Prrxl1 locus is tissue-dependent. ChIP-qPCR analysis of Prrxl1 binding at proximal promoter (1297 and 737), intron 4
(+5601, +6054 and +6869) and control regions (3568, +3247 and +9787) in chromatin prepared from the DRG and dorsal SC of E14.5 wild-type embryos. Data are presented
as mean ± S.D. of triplicate quantiﬁcations.
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formed chromatin immunoprecipitation (ChIP) assays on mouse
dorsal SC tissue at embryonic stage E14.5 of development. As posi-
tive control for ChIP-qPCR, we used primers that amplify a pro-
moter region of RGMb (also known as Dragon) that has been
previously shown to contain a Prrxl1 response element [26]. Boththe Prrxl1 and RGMb promoter regions were enriched in the mate-
rial immunoprecipitated with anti-Prrxl1 antibody (but not in the
absence of antibody) as compared to negative control regions,
located within the coding regions (ORF) (Fig. 1B). In contrast,
binding was not detected in a region spanning a HD motif located
proximal to Calb1 promoter, a candidate Prrxl1 target gene [5].
C.B. Monteiro et al. / FEBS Letters 588 (2014) 3475–3482 3479Thus, ChIP results conﬁrmed that Prrxl1 binds to its own proximal
promoter in embryonic dorsal SC.
To expand our analysis of the autoregulation of the Prrxl1 gene,
we performed ChIP on chromatin extracted from E14.5 mouse dor-
sal SC, followed by hybridization to custom-made genomic micro-
arrays (ChIP-on-chip) tiling the Prrxl1 locus. In addition to
previously identiﬁed binding site at the proximal promoter of
Prrxl1 gene, peak calling identiﬁed a second bound region span-
ning exon 2, exon 3 and intron 4 (Fig. 1C, blue brackets). As binding
to exonic sequences is unlikely to have a regulatory role, we
decided to focus on intron 4. Proximal promoter and intron 4
regions are very well conserved across vertebrate species (i.e.
human, mouse, chicken and zebraﬁsh), which may be indicative
of a regulatory function. Prrxl1 occupancy at the proximal pro-
moter region was more robust, reaching 8.5-fold enrichment,
which compares to a maximal peak of 3.5-fold enrichment at the
intron 4 region (Fig. 1C). Overall, results demonstrate that Prrxl1
interacts with its own genomic locus at an extended proximal pro-
moter region containing the TATA box and to a second region at
intron 4, suggesting that Prrxl1 transcription may be subject to
autoregulation.
3.2. Prrxl1 recruitment to its own genomic locus is tissue-dependent
To analyse whether binding of Prrxl1 to its own genomic locus
occurs in a tissue-dependent manner, we performed ChIP-qPCR
using chromatin extracted from either DRG or dorsal SC tissues
of E14.5 mouse embryos, using primers targeting both evolution-
arily conserved Prrxl1-bound regions identiﬁed by ChIP-on-chip
(Fig. 1C, arrowheads). In the DRG, binding of Prrxl1 was stronger
at intron 4 (in particular at position +5601) as compared to the
proximal promoter region (positions 1297 and 737). In the dor-
sal SC, a strong Prrxl1 enrichment is obtained for both the proximal
promoter (positions 1297 and 737) and intron 4 regions (posi-
tions +5601, +6054 and +6869), though more pronounced at the
proximal promoter (Fig. 1D). Thus, our results indicate that Prrxl1
is differentially recruited to the proximal promoter and intron 4
regions in developing DRG and dorsal SC.
3.3. Prrxl1 acts as a repressor of its own transcription
To assess the regulatory potential of Prrxl1-bound regions, we
performed transcriptional assays in ND7/23 cells transfected with
promoter-reporter constructs bearing the b-globulin minimal pro-
moter and the ﬁreﬂy-luciferase gene under the regulation of either
the Prrxl1 proximal promoter [1777/672] or the Prrxl1 intron 4
[+5268/+6969] regions. When designing these constructs, we took
into consideration the evolutionary conservation of putative regu-
latory regions across vertebrate species (Fig. 1C, bottom black lines
and green plots). Transcriptional assays were performed express-
ing either Prrxl1 isoforms (i.e. Prrxl1 and Prrxl1b), both of which
are recognized by the anti-Prrxl1 antibody used in ChIP (Figs. 2A
and S1). Co-expression of either Prrxl1 or Prrxl1b repressed the
activity of both Prrxl1 proximal promoter [1777/672] and intron
4 [+5268/+6969] regulatory regions (Fig. 2B), with Prrxl1 display-
ing the strongest effect. Accordingly, recent data showed that
Prrxl1 has a repressor domain spanning amino acids 227–263 of
Prrxl1, which is not present in Prrxl1b [28]. No repression was
detected when using a region spanning Prrxl1 alternative promot-
ers downstream of the TATA box [604/50]. In addition, Prrxl1
and Prrxl1b repression activity on these regulatory regions was
not observed in HEK-293 cells, which do not express Prrxl1 endog-
enously (data not shown), indicating that their activity is depen-
dent on cellular context (Fig. 2B).
To identify Prrxl1 binding sites mediating its autorepression, we
narrowed down our analysis to the Prrxl1minimal promoter region[772/584] bound by Prrxl1 (Fig. 1A–C), which contains two
putative HD motifs (Fig. 2D). Co-expression of either Prrxl1 or
Prrxl1b repressed the transcriptional activity of this regulatory
region, whereas a mutant form of Prrxl1 protein with the HD
replaced by a NLS sequence (Prrxl1-DHD) had no effect, suggesting
that Prrxl1 DNA binding domain is necessary for this activity
(Fig. 1C). Next we performed site-directed mutagenesis of one
HD binding bipartite site (P3 HD) and one HD binding half-site
(hs HD) (Fig. 2D). We veriﬁed that Prrxl1 mediated autorepression
was signiﬁcantly attenuated to similar levels, when either or both
HD binding sites were mutated. Moreover, no repression was
observed in Prrxl1 promoter control region [604/50] (Fig. 2E).
These data indicate that both HD binding sites are required for
Prrxl1 mediated autorepression. However, since repression was
not completely abolished, additional binding sites cannot be
excluded.
3.4. Prrxl1 isoforms repress the expression of their isoform counterpart
To determine whether Prrxl1 and Prrxl1b can modulate endog-
enous expression of their isoform counterparts, we overexpressed
either Prrxl1 or Prrxl1b in ND7/23 cells and assessed endogenous
expression of, respectively, Prrxl1b or Prrxl1 through RT-qPCR.
Overexpression of Prrxl1 resulted in decreased expression of
Prrxl1b transcript by 7.1-fold (Fig. 3A), whereas overexpression
of Prrxl1b decreased expression of Prrxl1 transcript by 2.4-fold
(Fig. 3B), when compared to mock-transfected ND7/23 cells. Note-
worthy, the repressive effect was stronger when overexpressing
Prrxl1, in line with data from the transcriptional assays. Overall,
our results strongly suggest autorepression as a control mecha-
nism of Prrxl1 transcription.4. Discussion
This study addresses the transcriptional control mechanisms of
Prrxl1, a homeobox gene critical for proper assembly of DRG-dorsal
SC pain circuitry [5,20,22]. ChIP performed with chromatin derived
from embryonic DRG and dorsal SC identiﬁed two regions (in the
proximal promoter and intron 4 of Prrxl1 locus) that show tissue
speciﬁc recruitment of Prrxl1. Transcriptional assays and gene
expression studies in ND27/23 cells suggest these regions control
Prrxl1 expression by a negative auto-regulatory mechanism.
A striking ﬁnding of the present work was that occupancy by
Prrxl1 on its locus occurs in a tissue-dependent manner. In the
DRG, Prrxl1 was preferentially recruited to intron 4, while in the
dorsal SC Prrxl1 was strongly recruited to the proximal promoter
and moderately to intron 4. Differential recruitment to regulatory
regions may be attributed to different chromatin accessibility
and/or interaction with tissue-speciﬁc transcription factors. ChIP-
based studies using histone mark antibodies would answer
whether chromatin structure differs in these two regions. The
other possibility is also plausible, as differential expression of tran-
scription factors exist between tissues. Another example of cell
context dependency was obtained with the transcriptional assay
based on transfection of plasmid DNA in HEK-293 cells, where
Prrxl1 did not show any transcriptional activity. This result is more
likely due to the absence of appropriate factors that are not
expressed in this cellular context. Such factors may be required
for appropriate binding of Prrxl1 to its sites or, alternatively, they
may be part of the repressor complex recruited by Prrxl1. As any
Prrxl1 co-regulators or co-factors are presently unknown, we
cannot distinguish between these two possibilities. We have
previously shown that Prrxl1 is the most expressed isoform in
developing DRG and dorsal SC [21]. The expression ratio between
Prrxl1 and Prrxl1b is kept constant in the DRG, but varies in the
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Fig. 3. Overexpression of Prrxl1 isoforms induces repression of the endogenous
expression of their isoform counterpart in ND7/23 cells. ND7/23 cells were
transfected with an expression construct for Prrxl1 (Prrxl1), Prrxl1b (Prrxl1b) and
empty vector (vector) and after 24 h the endogenous expression of Prrxl1b (A) and
Prrxl1 (B) mRNA was assessed by RT-qPCR. mRNA level intensities were normalized
to Hprt housekeeping gene. Mean ± S.D.; (⁄) P < 0.02 and (⁄⁄) P < 0.003 with
Student’s t-test; n = 3.
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Transcriptional autorepression may thus control the expression
ratio of Prrxl1 isoforms, being Prrxl1b more effectively repressed
than Prrxl1.
Positive regulators of Prrxl1 transcription have been described in
the DRG and the dorsal SC. In the DRG, the pan-sensory HD
transcription factors Pou4f1 and Isl1 are both required for Prrxl1expression [11]. On the other hand, in developing dorsal SC, Tlx1/
3 and Lmx1b are extensively co-expressed with Prrxl1 [22,23].
Prrxl1 appears to depend more on Lmx1b than on Tlx1/3, as in
Lmx1b null mice Prrxl1 expression was completely abolished [9],
whereas in Tlx1/3 null mutant mice Prrxl1 expression was normally
initiated but completely lost by E14.5 [19]. Our data, showing Prrxl1
represses its own expression, point to a role for this transcription
factor in ﬁne-tuning positive transcriptional activity of aforemen-
tioned transcription factors in developing DRG and dorsal SC.
To date, Phox2b HD transcription factor, which is transiently co-
expressed with Prrxl1 at early development (from E10.5 to 13.5) of
facial-glossopharyngeal and vagal ganglia [6,23], is the only known
direct regulator of Prrxl1 transcription. Both Prrxl1 and Phox2 bind
to the minimal TATA box promoter region of Prrxl1, but have
opposing transcriptional activities [24] and (Fig. 2B) possibly by
recruiting distinct cofactor complexes. It was previously suggested
that Phox2b may be directly responsible for the initiation of Prrxl1
expression, possibly in cooperation with Isl1 [24], while the mech-
anism leading to Prrxl1 extinction at E13.5 is still elusive. It is pos-
sible that Prrxl1 transcriptional autorepression plays a role in this
silencing process.
Homeoproteins of the paired class bind DNA most efﬁciently as
homo or heterodimers to a palindromic TAAT-(N)2–3ATTA motif,
and the spacing between the half-sites is predicted by the nature
of the residue at position 50 of the HD [32]. In the HD of Prrxl1, this
residue is a glutamine (Gln50), suggesting that Prrxl1 binds to
C.B. Monteiro et al. / FEBS Letters 588 (2014) 3475–3482 3481bipartite sequence TAAT-(N)3ATTA, as described for paired-like
homeoprotein Chx10 [10]. Consistent with this, two of such bipar-
tite sites are found in a Prrxl1 response element within a 363 bp
fragment of the RGMb/Dragon proximal promoter [26]. In fact,
RGMb expression was shown to be deregulated in the DRG and dor-
sal SC of Prrxl1 null mouse embryos [26]. Here, we conﬁrm by chro-
matin immunoprecipitation that RGMb is a direct target of Prrxl1 in
developing dorsal SC. RGMb is a glycosyl-phosphatidylinositol
(GPI)-anchored membrane protein that was implicated in axon
guidance [18], corroborating Prrxl1 putative function in the guid-
ance of small-diameter primary afferent neurons.
In the present study, we addressed the functional relevance of
two putative HD binding motifs (i.e. a bipartite and a half-site
HD binding motifs) located in the vicinity of Prrxl1 TATA box pro-
moter and showed that these motifs mediate Prrxl1 repression
activity. The fact that repression was not completely abolished
by mutating these sites suggests that other Prrxl1 binding site/s
differing from the TAAT consensus may also intervene. In fact,
binding of HD proteins to variations of their consensus sequences
is often observed, as exempliﬁed by binding of Six3 with similar
afﬁnities to TAATTGTC and TGATAC sequences [29].
Other homeobox genes were shown to be also transcriptionally
regulated by autorepression, such as Drosophila Engrailed [14], Ult-
rabithorax [16], Suppressor of Hairless [1], Xenopus Goosecoid [7],
mouse Six3 [34], Msx1 [27] and Msx2 [8]. This supports the idea
that many genes need to maintain stable levels of expression in
development, as a way to guarantee the correct expression of tar-
get genes sensible to HD factor’s concentration, through transcrip-
tional autorepression mechanisms.
The transcriptional control mechanisms involved in Prrxl1 spa-
tio-temporal expression are not fully understood. In this work, we
gained new insight into these transcriptional mechanisms by dem-
onstrating that Prrxl1 binds to its locus and negatively regulates its
own transcription. It is likely that such negative feedback is used to
suppress ﬂuctuations of gene expression, as it has been shown to
be the case with other transcriptional regulators that are also sub-
ject to autorepression [13], ensuring in this way that Prrxl1 is
maintained at the appropriate level during development of the
nociceptive circuitry.
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